
I

i

!

I

I
I

1

I

TECI-U!NICiALNOTE

DISLOCATION THEORY OF THE FATIGUE OF METALS
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Flight Propulsion Research Laboratory
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DISLOCATIONTEKiRYW TEE WLTIGUEW biEMIS

By E. S. Maohlln

A dislooatlonthecmyof fatiguefailurefor a.nnealeasolid
solutionsis ~esented. On the basisof this theory,ah equation
givingthe dependenceof the numberof oyolesfor fal.lureon the
stress,the temperature,thematerialperametars,and the frequenoy
Is wived fm unifomly stressedspeo~ne. The equationisfotma
to be in quantitativeegreementwiththe data. Inaemuohas one
material pareuueter is indioatedto be temperature-dependentand
its temperaturedependence1s not Imown,it is impossibleto pre-
diotthe temperaturedepezdenoeof the nmber of oyolesfor failme.
A p@edtotedquantitativecorrelationbetweenfatigueand oreepis
foundto exist,whiohsuggeststhe praotloalpossibili~ of obtain-
ing fatiguedata for annealedsolldsolutionsand elementsfrom
steady-stateoreep-ratedata for thesematerials. AS a resultof
this imestigatlonja mdlfioation of the equationfor the steady-
stateoreeprate previouslydevelopedon the basis of dielooation
theoryis suggested.Additionaldata are required to verify
oanpletelythe dislocationtheoryof fatigue.

.

INIRODUOTIOIV

The failureof materialsuud.eran oscillatingstress,the
maxima valueof whioh is lowerthanthatrequiredto oaueefailure
in a statiotensiletest,is t-a “fatiguefailure.W This type
of failureis the limitingfaotm in the designand the opemtion
of many rotatingparts. In particular,fatiguestrengthhas bemme
a limitingfaotorin the developmentof the gas turbinefor dr-
oraftuse. Turbinebudcets,for example,have in many oasesfailed
as a resultof fatigue.

Two meth- of eliminatingthe problemof fatiguefailure
exist: (1)The designof the partscan be ohangedto minimizethe
effeotof’oscillatingstresses;end (2)the resistanceto fatigue
failureof the materialsused oan be Inoreased.A phaseof the
seoondsolution,basedon obtainingan understandingof the fatigue
phenmena, is discussedin thisreport.
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2 NACATN No.1489

~thoughnuq experimentalinvestigationsof fatiguehavebeen
made,few havebeen conoernedwith basiciconsiderations.The work
of Goughand his collaborators(Yeferenoes1 and.2), however,is
outstandingin the fieldof fundamentalfatiguestudies. ThiS work
has shownthatthe phenomenaofplaetic deformation(slip)and
fatigueme closelyrelated. Sanetheorieshave been reported
(references3 and4) thatrelateplastiodeformationto fatigue
failure. Becausethesetheoriesare not of a fundamentalnature,
howevm, they-havenot yieldedbasioknowledgeof the physiml
propertiesof materialsthat affectfatigue.

.

With the develqment of the theoryof dislocations,the umler-
~ of W phemna of plasticdeformationhas greatlyadvanaed
(references5 to 8). Inasmuohas plaqticdefozzuationand fatigue
hawebeen shownto be related,an investigationof fatiguebasedon
the theoryof dislocationswas undertakenand is presentedherein.
w this investigationa physicalmdel, basedon Uslooation tkory,
was devisedto amount for crackgrowth. Thismodel W* then used
as a means of obtainingan equationrelatingthe numberof cycles
for failureto the apprqmiatevariables.The equationso obtained
was then subjeotedto variousqerimental ohecks. This investigat-
ion is p- of a programbeingconductedat the NAOA Cleveland
laboratoryto evaluatethe pbysioalpropertiesof heat-resisting .
alloysin termsof physioalmnetants that are easilymeaswable
@ to make possiblethe synthesisof compositionsand structures
of heat-resistingalloysbetterthan thosecurrentlyused.
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The followingsynibolsare used in thisreport:

mnstant

proportionalityoonstantrelating Ta to OIR/2

distanoebetweenatomsin slipdtiection,centimeters

fraction,e~erhentsl value= 0.374(referenoe8) “

.free energyof activationinvolvedin generationof a dis-
location,ergsper molecule

PlanOk’sconstant,6.62X 10-27erg seoonds

heat of activationper moleculeInvolvedin generationof a
dislocation,ergs

-— —- .- .—— —. . .. . .. .—.



~CATI?I’Jom1489
.

3

k

L

M

1?

F

~

~’

Rd

‘6

%?

T

t

UJ

%

v

x

Y

e

. a

am

BolWnann~s mnstant, 1.38x 10-16 ergs per moleouleper %

distmoe betweenimperfectionsin singleorystal,of order
of 1 mioron

amountof oraokgrowthper oraoksomoe neoess~ for failure
measuredin unitsof numberof interatomicspaoings

nuuiberof cyclesfC& fallure

periodof oyoleof stress,seoo*

stress-concentrationfaotor

w

rate of generationof positiveor negative
stressoonoentrationof interqe3surfaoe

dislocationsat
in Crystalline

material,nmber of dislocationsper secmd

net rate of growthper oraok,numberof atcauio
seoond

entrqy of aotlvatia per moleculeinvolvedIn
dislocation,ergsper %

absolutetemperature,%
.

time,seoonds

shearrate,1 per seo~

Spaoingsper

generationof

antilogof interoeptof plot of log u’ against 0 at o = O
.

atomicvolume,oubiocentimeters

ratioof dl to interplanm spaoingof slipplanes,
+/_

; for
faoe-oentered~ body-oenteredmibiclattioes)

mathematicalvariable

tit ,

tensilestress,@mea per squareoetiimeter
,

mexinmntensileor ooqressive stxessof oyole,dynespti- .
squarecentimeter
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resolvedshearstress,dynesper squareoentlmetm

averageresolved shear stress in polyorystallinespecimen
operatingfor failure,dynesper squarecentimeter

resolvedshearstressa~ to internalsoume, dynesper square
centimeter

resolvedmaximumshearstressmmrespondingto ~, dynesper
squarecentimeter

averageshearslmessat souroesof dislocations,dynesper
squarecentimeter

fhequsnoyof oyolesof stressapplication,1 per secord

CRAcKMEcHMmM

Fatiguefailureis usuallyassociatedwith the propagationof
a oraok. This fatigueoraokmust be famed eitheras a resultof
internaltensilestressesthat exoeedthe tensilestrengthof the
materialcm frampre-exltiingsubmiorosmpicoraoksthat grow under
the Influenoeof the OYolicstress. !Cheassumptim will be made
that suoh submiorosmpiccrooksdo exist. It is probable that S-
of the sowoes of stressmnoentrationsIn metalsare In the form
of submi.orosmpicoraoh that ooour+ the boundariesof mosaio
blocks(referenoe6). .

A theorythatwouldex@ain the growthof thesesubmiorosmpio
oraob as a resultof the continualreversalof stressmight provide
a basisfor the developmartof a quaxrtitativetheoryof fatigue.
The analysisof themeohantsmof oraokfcmation developedherein
is predloatedon the Uslooationtheorydismssed m ref=e~es 5,
6, 8, and 9. A shortr~+ of the tislooati~theoryfollows:

A dlslooationmnsists of a stable-angement of atomssuoh
that,in a regionof a few atc=icdistanoes,n + 1 atms b *
slipUreotia faoe n atms aorossthe slipplane. When the
n + 1 atomsare abovethe n atoms,the mnfigurationis mllti
a positivedislocation;when the n + 1 atcuusare below,it is
called.a negativedlslooation.The net resultof a positivedls-
looaticmmovingmnpletely througha specimenfrom leftto right,
cm a negativedlslooationmovingmmpletely throughthe specimen
frcmrightto left,is a lmmslation of the materialabovethe plane
betweenthe n + 1 atans@ the n atqs, with respeotto the

.
.
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lVACATN NO.1489 5

materialbelowthisplane,by one atomiodistanoeto the right. If
the positivedislocationmoves fbcmrightto left or the negative
dislocationmoves fromleft to right,the oppositetranslationtakes
plaoe.

The most probablemurues of generationof dislocations=e
stressoonoentrationsoSuoh stressoonoerdzationsooourat the ends
of oraoks. For example,aa ellipsoidalcaxaokshownin orossseotion
in figure1, has two pointsof stressoonoentration(A and B in
fig. 1), whiohexoeedthe stressoonoentrationat any otherpoint
along@e oraokoircnmferenoe(referenoe10). Dislocationswill
usuallybe generatedat thesestressoonoentiationsuponthe
applicationof a shearstress.

In the developmentof a theoryfor the growthof stibmiorosoopio.
oraoks,it was foundthat as a resultof makingoertainassumptims
aboutthe physloalmdel, it was possibleto obtainan equation
that was in agreamentwith the availabledata. Althougheaoh of
theseassumptionsq have a physioalbasis,S* a basiswas not
immediatelyevident. The developmentof the theorythat follows
therefcmepresentstheseassumptionswithoutany attemptto Justify
them physioslly.

It is assumedthat oraokssimilarto the one showndiagram-
maticallyIn f-e 1 existin suoha mannerthat pointsA and B
aot as sowroesof zation of dislocations.It is f’urthm=s~a
that onlypositivedislocationsoan be generatedat pointA and
onlynegativedislooatim oan be generatedat pointB. If the
linejo~A and Bisat ati angletotheslip planeandlf, at
pointA, the generatedpositiveu810~a*i- me to * rat ~,
at pointB, the generatednegativedislocationsmuve to the left
as a resultof the givenshearstiess,the oraokwill grow. An.
intezmdlatepositim of the rightside of the oraokafterthe oraok
has grownto someextentis shownby the dashedllne in figure1.

If all the dislocations*t were generatedat A and B during
one half-oyoleof stresshad reimned to theirrespectivesources
duringthe nexthalf-oyoleof stress,the oraokwouldnot have
grownat the end of a ocmrpletecycleof reversedstressing.ti
orderfor the oraok to grow,someof the dislocationsgeneratedat
the craoksourcesdwing the growthpart of the stresscyole
therefme must eitherdisappe= fra the speohen or reaoha point
fim whichthetireturnto tie soume is prevented. No tislooa-
tionsgeneratedat A and B in the secondhalf-oyoleof stressoan
enterthe orystsl@tiioe because,aooa’dingto the assumption,
onlypositivedislocations=e generatedat A and onlynegative

1
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dislooattcmsare generatedat B, and the appliedstressd.uri.ngthis
half-cyoleof stresswouldmake any ais100atiOnsgeneratedat these
sourcesreturnto theirrespectivesoume6. TMs assumpticmdoes
not me=, however,that othersourcesat whiohnone of the dislooa-
tionetheregeneratedmuve intothe orystallatticea~hg the first
haU-cyole will not gmate dislooatbnsthatmove Intothe orystal
lattlcein the lasthalf-oyole.

If one submicxoscopiooraokwere to amount for the failureof
a macroscopicspecimen,itiwouldappearthatmore than the obsmmed
amountof plasticflowwOtiahave to occur. Henoe,it seemsevl-
detithat if failurewere*o ocxnn=as the resultof the gcowthof
mibmioroscopiooraolm,it wouldtake plaoe.beoausemany oraoks
contribukto the failure. A simplemnflgurationof oraok of
the type illustratedin figure1 that oan leadto fatiguefallme
with littleplasticflow is shownin figure2.

This oo~iguratim, afterall the oraokshave grownto a
certainextent,wouldappearas shownin figure3. In orderthat
the oraoksmay grow in this configurationIt becomesneoessery,as
before,to assunethat at the potitsA onlypositivedislocations
m?e generatedand at the pointsB onlynegativedislocations“are
generated.The resultof positivedislocationsmovingto the left
sud negativedislocationsshultaneouslymovingto the righta~~
a cyoleof stressfavorablefor thismotion,is that relative
translationsof the latticeomxn?whiohyieldlarger-oraolcsthan
-steal priqrto the translaticms.haamuoh as theseUslooations
disappearedfromthe latticeat the pointsC and D in fIgure2,
the applicationof a stressoppositeto the previousstresswOtia
not oauseany relativetranslationsof the latticebetweenthe
regionsseparatedby the slipplanesA-C and B-D, unlesspositive
and negativedislocationsw=e generatedat C and D, respectively.
It is assumedthatno dislocationsa?e generatedat pointsC
and D. Eaoh oraokin the configurationwillthereforegrow as long
aa positivedislocationsgeneratedat A and negativedislocations
generatedat B disappearfromthe lattioeat C and D, respectively.

In the faregoingdlsmsslon, it was assuuedthat eachoraok
extendscompletelythroughthe specimenin the direotionperpen-
dicularto the planeof the figure. Beoausethe oraolmwere assumed
to existin themosaic-blockboxies, however,it seemsprobable
that the oraokwidthin the direotionconsideredis not more than
a few mosaic-blocklengths,that is,.about10-4 centimeters.In
orderto amount fcm the growthof shortoraoksit thusbeoanes
necesssryto asswnethat suohshortdislocationsmay existand also

— -. —------- -—. . _ —.. .—. —.- .-_. —__ —. .—— ——
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thatrelativeslipbetweenmosaioblooks
andRead in consideringthe phenamenaof

.

7

q easilycmowr. Seitz
sllpwith respeotto dis-

looakim foundthat theseassumptionswouldhelp ex@ain the e~eri-
mehtalslipphenuuena(referenoe,6, pt. II).

One of the oonsequenoesof the oraok-growthmeohanism.just
desoribedis that the aaoks wilibeginto grow alongslipplanes.
This phenomenonhas been observedby a numberof experimenters
(fa example,references2 and U) on polyorystalUneas well as
single-orystsldpeoimens.It was notioedthat failurebeganto
ooouralongth6 slipplaneand thenprooeededin the direotion
normalto the maxhmm tensilestress.

The generalequation
tions ~ of one type at
surfaoein a

equatio+fur

The net

CW’~lURFAIUIRE

for the rate of generationof dislooa-
a stressconcentrationof an Internal

orystsllinematerialis givenin referenoe8. The

IJiu?geVames of v, _ be written~

( 2@LzfT
-~+T

Rd=~e ) (1)

rate of growthper oraok R. is the rate of genera-
tion of dislocationsduringthe growtho~cle:

—

( )

2qv’T
-%+T

‘8 =Rd=~e (2)

The stressat a generatingsouroemay consistof the applied
stressand any internalstressthatmay be ~esent. As a result,

If it is
required
thatthe

Ta=qT= ~(Tm s- + Ti) “ (3)

assumedthatthe smountof oraokgrowthper oraoksource
for failure M is a mnstsnt for dl specimensandmaterials,
stress-oonoentrationvaluesare the samefor everyomaok

--—- .—.. .--— - —. ..— ,- —— -— ———- ——
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,.

associatedwith failure,and that thesestress-concentrationvelues
do not ohangewith the nwnberof cyclesof stressing,thenthe
dependenceof the numberof oyolesfor failureon-the maximum
resolvesshearstressin the slipplaneand Mreotion consideredis

(4)

beoause R8 is independentof I?.

Sfistitutingfor Rg in equation(4)yields

(5)

~cm anneeledmetals,the Internalstress Ti is appumxhmtslyzero.

Thus,

- T. Tmsi@

Changingthe variableof integrationIn equstion(5)yields

( Hhi.= e * e M!
MLfll

de (6)

Jo
can be approximated for largevsluesof ~ by the faotor eo.422~

When this approximationIs used in equation(6) and
●

solvedfa N
equation(6) is

(7)

.

.
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Inoraerto
S- assumptions
of polyorystals.

applyequation(7)
must bemade asto
It seemsprobable

9

to polyorystallineSpeolmens,
themethod.of fatiguefailure
thatthe orientationsof the -—

qstals mzprising the fatigue-failedregionsof a polyorystalare
rea&m. The maximumresolvedmazlmumshearstress,if eaoh of these
orystalswas mnsidered ap frcm the others,wouldthereforevery
from saw minimum(notzeroforg~-oenterecl mibicor body-oentered

Qbic lattices)to themaximum ~. ZmsmuohOas theseorystalsare

not separatedby stress-tieeregions,internalstresseswouldbe
set up betweenthe differentlyorientedorystsls. As a result,
stea@state slipwould ocourat same stressintermediateto the
midnulma.ua~ Valueof themaximumresolvedmax3mumshear
stress. The value of this averageresolvedshearstressshould
then be stistitutedin equation(7)for polyorystal13nespemlmens.
If the averageresolvedshearstressis relatedto the maximum—

resolvedshearstressby

then,

log II= log

It shouldbe pointedout

()2mftlM+#&-m.
that equation(8)

0.422qWf%
2.3k!l? (8)

a~lies onlyfor stresses
sufficientlyabovethe enluranoeMmit (wherethe log i’?- am funo-
tion Is linear),becausethe conditionsthat determinethe e–tiwranoe
limithave not been consideredin the developed of the theory.
Also,becausethe assqtion was made that ~ is constantover
the orosssectionof the specimen,equation(8)will.applyto axisl-
stress-typeloadingonly. The oasesof bending-t~e stressesad
torsionalstressesare theoretimillycapableof ‘beingtreatedin
a mannersimilarto the case of uniformaxialstress;huweve~,no.
attempthas beenmade to evaluateequationsof the t~e of equa-
tion (8)for theseoases.

The interceptof the straightline obtainedby plotting
log N s@nst am at ~ = 0, aocmding to equation(8),is
equalto

(-)log ~ +&
If
be

.

~ me parSDlOters
possibleto obtain

in this qession are knownthen it should
a mlcxil.atedvalueof the interceptto ccmpare

.. . .. —.—— — —--- —..—-—-- ~ — .— ———- .-—.
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pmanleters Wti T. are known
The wmmeter M is of the

orderofm&itude of a m6saZoblockle&th, measuredin unitsof
interatomicspaoings,i.e.,about104. The parameters k and h
=e knownmnstants. The onlyfaotorwhichremainsto be detemuineii
is AI’g.Now, referenoe8 presentsa methtiof oaloulating~g
usingoreepdata. As shownin appeniixB, however,becausean
assumptionmade in re~erenoe8 is inoorrect,AFg cannotbe can-
pletelydeterminedfrcm oreepdata. The analysispresentedin
appenMx B does indioate,however,that a set of fatiguedsta and
oreepdatafor the samematerialcwn be usedto calo.ulatea value
of the unlmownfaotor. If the valueof this faotoris assumedto
be independentof the materialvariable,then it uan be usedto
helpualml.atevaluesof Al?g usingdreepdata. A tableof suoh
calculatedvaluesusingdata for copper,shownin figure4(a).,to
evaluatethe unknownfaotoris presentedin a~endix B.

A oheokof equation(8) can now be made by comparingthe
Qerimental valueof the Intmoept of the straightline obtained
by pbtt~ log N a@nst CTm with the valueObtainedfrom CdOU-
lationusingthe termdemivedfrom equation(8). Data f= Ammo
iron,obtainedfromreferenoa12 and plottedin f@me 4(b),can
be usedto make the suggestedccmp=ison of experimentaland cml-
mlated valuesof the interceptbeingconsidered.The experimental
velueof the intercept-termined by extrapolatingthe best straight
linethroughthe pointsof figure4(b~ is eq- to 22. The a~oxl-
mate unoertaimby.in thisvalueis*2. The calculatedvalueis

2,92‘ 10-12
+ = 24.2

2.3X 1.38X 10-16X 300

where o = 2200cyclesper minuteand T = 300°K, as givenby
referenoe12. The agreamentbetweenthe prediotedvalueof 24.2
anathe

An
Insaeif

observedval~ of 22 * 2 tendsto verifyequation(8).

ad&Ltional“cheek
the valueof the

of the validityof eguation (8) oouldbe
stress-mnoentrationfaotor q were known.

,
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Beoausethe valueof q is unlmown,the experimentalvalueof the
slopeof the linearpartionof the plot of log N against cm oau
be usedto obtaina valueof q$. This tabulation is:

for

~’ =
2.3 Ml!x (experimentalslope,13qom/aynes)

0.422xVXx Xf

2.3X 1.38X 300X 10-16
(

1
0.755X 2240X 6.9X 104)=

0.422X 11.7X 10-24X 1.23X 0.374

= 360

A s-w ~ooedure was followedto obtaina value of q ~
annealed mpper using the line shorn in figure 4(a) to define
slope. A valueof q1 = 390 was obtained.

The fatiguetheoryoan be furtherexperlmentaKlyOheoked. If
equation(8) is solvedfor the p=ameter Vi, the followingeg.ua-.
tion iS obtained:

~=”u+wmg (9)

where.
.

u.

w=

Sre

Data to deck equation(9)were obtained from a numberof sources.
detailsoonoerningthe sourcesand precisionof @sta for Al?g
ooxrtainedin appendixB.

Becausethe data for * valueof ~m *t oorrespd to
failurein 3.3x 106 oyoleswas d.iffioultto obtah aoourately,
the followingtablelists,whereverpossible,a nunberof sources
for a givenmaterial:

.

.
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Material tym, @LeB/sqom Referenoe
I 1

Aluminum 3.5 x 108 20

%l?Jer I 6.2X 108 24

copper 8.2X 108 12
8,65X 108 25

ArnLoon’on 1.74X 109 12
1.80x 109 14

Nickel 2.06x 109 ● 26
2.98x 109 25

%ata obtti fromtest applyingtcrslonal
stressesto a singleorystal. Beoause
the mrreotionsimrolved=e in opposite
directions,the valuegivenis a fair
approximation.

.

hasmuoh as different souroesyieldeadifferent valuesofthe
stresscorrespondingto a mrtain numberof c~les fen’failurefcm
a givenmaterialand,also,bemuse ~ v~ms ~ ng were
obtainedby extrapolation,it was decidedto @& the data as regions
of apprm5matelyequalprobabilitycorrespondingto eaohmaterial.
The data are thereforeyltitedas rectanglesor llnesIn flgwe 5.

The data in thisfigureccomespondto failurein approxhnately

3.3x 106 oyoles;the frequenoyusedto cmloulateU is 2200 oyoles
perminute;-thetemperatureis 300°K.

The thecmeticalmrve correspom13ngto thesedata is, aoocadlng
to equation(9),a strdlghtline of tiope W and interceptU. The
valueof qt was consideredto tie390, aq previouslyfoundfor
annealedcopper. Beoauseall * * faotorsinvolvedin the
oaloulationof U and W are lmmwn,it is possibleto oalculate
the theaetfoalvaluesof U and W. The oaloulatedvaluesof
U and.W are -157x 10-16er~ permoleouleand 0.01.32,respec-
tively. The theoreticalourvemrrespondingto thesevaluesof
U and W is plottedas the stiaightline in figure5; it Is
apparentthatthe theoreticalline is in agreementwith the data.
It-shouldbe noted
oreepand fatigue,
_ franfatigue
&an oreepdata.

that figure5 represents
inasmuchas the cmainate
data and the abscissais

,

a oarelatlonbetween
is a parameterdeter-
a parander aet~a

.
.

.
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Two otherindepe~nt ohmks of the theoryare possible: The
firstis a oheokof the tempera- dependenceof the numberof
oyolesfcm failure;the seoond.is baseacm the dependenceof the
numberof oyolesfor fall=e on fiequenoyo

The assmptia is made that q is independentof temperature.
H equaticm(8) is solvedf= C7m, the followingequationi~
Obt*a:

. cym=A+B(C-log T)T

whare

AH8
A=

0.422qWxf

Bu 2.3k
0.422g9VH

.

. .

Data fca’Azm@o ironobtdmed fbanreferenoe14 is shownin
figure6. A orossplot of thesedata (temperatnn?esin %) is shown
In figure7,whiohalsogives the theoretioelcurvecorresponding
to this e~er~ntel plot. Data usedto wmpute the theoretical
valueswere obtaineaas follows: valuesof AH#T mrrespd to
valuesof A@ ft?omfigure 6 of referenoe8; valuesof ASg were
takenfromthe valueslistedin the tablegivenon page 16 of
referenoe8, mrreoteiLto amount fm the faotordeteumineain
appendixB; the valueof qt was takenas 390;the fkequenoy 0
was takenas 40 cyolesper second,as reportedIn referenoe14.

A studyof figure7 indioaixmthat the theoretiml curveyields
too smalla temperaturevariationof ~. It wouldtherefme a~ear
that equation(10)does not agreewith the experimentaldata. Two
~lanations of theseresultsare possible. The firstexplanation
is that the datamay be in error. The largesoatterfor the data
mrrespondingto 500°C, as shownin f@me 6, inUoates thatthis
explanationmay be true. Furthermcme,it is knownthatmeaningful
temperaturestudieson direot-stressspeo~ns are difficmltto
perfom beoauseit is easyf= the spechmn to becmmemisalinerl
owingto the use of long specimenholders. The misSlinemetimay
thenbe a funotionof temperaturead yieldan apparenttemperature
effect,as shownin figure7.

.

. . ..-— — -.. — -— —.-—
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The seoondandmore probableexplanationis that the stress
oonoentrationsassociated.with the oraoksin the mosaio-blookbound-
ariesare temperature-aependentand,henoe,the assumptionmade in
plott~ the thecmetioalcurvein figure7 is not vdia. ~ this
easeit beocmesdifficultto prediotthe temperaturedependence
of am, Inamuoh as no appexentbasisexistsfom deteminlng the
dependenceof the strees-oonoentrationfaotoron temperature.

A finaloheckof the dislocationtheoryof fatigueoan be
obtainedby dete~~ whetherthe dependenceof the numberof
oyclesfor failureon the frequenoy,as givenby equation(8),is
experimentallyobtained. It is indioatedin equation(8)that
the log N wouldbe linearlyrelatedto the log u at constant
maximumstressand temperature.The experimentsreportedin
referenoe15 yieldresultsthatverifythe predictionqualitatively.
In referenoe15, it is shownthat direot-stresse~erimentsper-
formedat 7000 oyclesperminuterequireda greatm nmiberof
qyclesfor failurethantestsat 1200 oyolesper minute. The tests
at 1200 cyclesperminute,however,wereperfcmmeaon a dlfferexrt
typemaohinethanthe testsat 7000 cyolesper minute;therefore ‘
the resultswouldnot be expeotedto agreequantitatively.The
Inoreasein log N was neverthelesssufficientlyl=ge that it
is improbablethatthe differencein maohinesooulilbe solely
responsiblefor the effeotnoticed. Referenoe16 Hoates that
no frequencyeffeotoooursat low valuesof frequency.An examl-
nattonof the data,however,revealsthatmmy more
requiredin orderto be ableto draw any conclusion
this effeot.

E9ALUATIONOF ~S

datawouldbe
in regardto

Sufficientdatato ver~ equation(8) mxupletelyme not
available.Inasmnohas this equationis in quantitativeagreement
with availabledata,furthere~erimentationdesi~ to verify
the dislocationtheoryof fatigueis Justified. .

The theory was developedfcm annealedelementsor solidsolu-
tions;the data usedto oheckthe theorywere obtainedonlyfrcnu
annmled elements; It seemsreasonableto believe,however,that
data for annealedsolidsoluttonswOtiaalsobe in agreementwith
the theory.

It appearsimprobablethat equaticm(8)woulaap@y to the
caseof preoipitatimdamimd or strain-herdeneamaterials.
Certainmcdifioationswouldbe neoess~, suohas * Imtitiutiion.
of an internal-stressterm. This subJeotis sufficientlymmrplex
to Justifyan *pend.ent 5mvestlgati0n.

...-——.. . --- . .. . . -- —.- .—— -..--———
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It 6h0tiabe mentioned
sufficientlylargeto allow
stress-mnoentrationfaotor
solutions.The possibility

that the uncertaintyin
reasonabledoubtin the

the data appear8
cmnstanoyof the

q for all annealedelementsti solid
existsthat an ~erimental plot of

~’vqll~ AE’g would alsobe line=; however,the data are
Insuffioietito resolvethis qut3stim.

It has been experimentallyobservedthatthe -bar of oycles
for failureat somegivenstressand temperatureobeysa statistical
distribution(referenoe17). An e@.anation of this phenomenonon
the basisof equation(8)wouldprobablyrequirethat one or more
of the fonowing faotors, % ~g) and q assumearangeof
valuesfor a givenmaterial. It seemsreasonablethatthe faotors
M and q ~ vary ficm spectmento specimeninasmuchas these
qumtities are p?obablydependerrtuponmanufacturingv-iables suoh
as casting,drawing,d heat-treating,It is thus possibleto
aooountfor the scatterof datanomally obtainedin fatiguetests
on the basis of the dislocationtheory.

It shouldbe notedthat figure5, whiohhelps substantiate
equation(8),also estvibl.ishesa omrelationbetweenfatigue~
oreepas prediotedby the theoryand provesthat fatiguefailure
dependsupcmplastiodeformation.With the assumptionof a constant
valueof q at roan temperature,the predictionof fatiguedata
fra a knowledgeof oreepdata for annealedelementsaud solid
solutionsis made possiblefor praoticalpurposes.

.

NationalAdviscmyCommitteefar Aeronautics,
ElightPropulsionResesrohLaborat~,

Cleveland,Ohio,September12, 1947.

.

.
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APPEND~A - ‘

EVALJJM!IONOF IIWINITE INTE2ML

me definiteinte~el

was evaluatedfcm a

tion. The valueof

J
Si

+V s~ de
o

seriesof valuesof ay by zumerioalintegra-

a was set equal to 10.56x 10-8 to mrre-
epond appmmhately to the ~eoted valuesof the pbysioalquantity
it represented..Aplotof thelogof thelntegralagalnet y Is ,
shownin figure8. 3’orvaluesof y >108, it appearsthatthe
equaticmof the ourveis

log
r

e10.56X 10-~ Sil16~ =

where b is the slopeof the line in figure8,
As a result,

,

by

4.44x 10-8.

Jo
. e0.422g

.

.
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obtained

h

franreferenoe8 was firstused to oabulate valuesof
AFg fia steady-stateoreep-ratedata. This calculationwas
aommplishedby plotting log u~ against a, settingthe e~eri-
mentalvalueof the interoeptat a = O equalto

and solvingfor AFg$ becauseall the otherparametersare known
tithe expressionfbrthe intercept.When thesevaluesof L@g
were used to osloulatethe interceptsof the ourvesof log N
pltit~ ~ dm d ~m et Al?g, it WaS f- that
the oalmlated interceptsexoesdedthe e~erimentalWeroepts by

a faotorthat variedbetween 1 X 10-M to 3 X 10-13 ~gs per
moleoulein the valueof AFg. b attamptimgto find an explana-
tion for’thisdisorepanoy,it was determinedthat an assmqtlon
made in referenoe8 regardingthe valueand oonstanoyof the
quantity 10-4 in the precedingequationwas erroneous.The

al
valueof 10-4 was used as an approximationfor —. In the

derivationof the foregoing~uation, the valueof ‘10-4 was
basedon an assumptionthat one sourceof generationof dislocations
existsper mosaicblook. Thus,aoooraingto this assumptionthe
straindue to the passageof one dislocationthrougha mosaicblook

al . 3 x 10-8 -Is —=— = 10-4. Evidenceexists,however,for single
L 3 x 10-4

orystals,whioh indioatesthat * spao~s betwe~ SliPP-S
may be mauy multiplesgreaterthan 3 x 10-4. For exemple,figure9
takenfromreferenoe18, indioatesthatthe spaoing~ be as lmge
as O.3 centimeter@ figure10 indioatesthat l/L (numberof
slipplanes/em)may VEWYbetweenO and 10,000. Thus it appems
that the assumptionthat L is a constantfor polyorystalsof
magnitude 3 x 10-4 is probablyinoorreot.It ramalnsto be
shown,however,how L ~ be calculated.

.. . -— .. -. - ---- ——z-—— ——— —— —— ---- ——
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withouta physical*1 of theInedla?lismof
orystsl,it seam that the simplestassmption is

NACA TN NO. 1489

strainIn a poly-
to leavethe

al
faotor ~ asanudnlown uonstant 10C. The f’aotcmC oan then

be determined*om a set of fatigw data - oreepdatafor the same
materielas follows: nom equation(8),it is evtdentthatthe
i?rteroeptof the straightline obtainedby plotting Xog Iv against
~, at Om=O is

()2r@hM AFg
bg ~ ‘E3i3!

.

The data for annealed copper shown in figure4(a) wiIlbe used In
this mhulation. The titsf= &ry pmxtfiedair were usedto locate
the slopeof the Ztnetakenthroughthe pointsfor the testsin
vaoum. The *o@ of thislinewas foundto equalaboutM.
H&we, .

[(
*X 2200

1

~X6.62X10-27Xl&
&F’g= 15-log 2.3X1.38XI0-16X300

1.38X10-26%300
.

S= 2.01 x 10-12 er&/moIeaile

where o = 2200 oyclesper nclnute- T = 300°K, as givenby
referenoe12.

Ikau the creepequation,

i.t is tQpEtreIrbthatthe intemept log Uf & the Stmxtgl’ltMzie
obtainedby pbtt~ 10~ Ur a@inst Tat T=Ois

.. . . - .——-—
,-,

.. —..
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An.esthate of log ui at 300°K can be obtained. frm data

givenat oth& temperaturesby plottlng (T log~) -t *,

beoause Al?g is llnearlydependenton T, and by extrapolatingthe
best slmight line thus obtainedto T = 300°K. Using tie data .
of references22 and 23, au averagevalueof -15 was obtainedfa
log ~. SubstitutingthiSVSh3 fOr 10g Ui, and ~g = 2.01 X 10-U
in the ~eoeding equationand solvingfor C yields

I!’orthe purposeof obtainingvaluesof AFg frcm creepdata
for othermaterials, C was assmed to be a constant. usingthis
valueof “c, valuesof AFg were obtainedfrom oreepdata and are
givenin the followingtabletogetherwith a list of the souroesof
the respectivetits. .

. . . .. . . . ----- . ,..-— . .—
Mater= IAFa, ergs/molemleIReference
—---- --- I-- ‘—.. -------- -.--–4———————

J.._ ...._Alumlnum 1057 - ...._@@_1.70x 10-12

Mllver 11.85-2.26 X 10-12 I 18
—-l---- ——--— -- . 4-----

1C~er 1.94 - 2012X 10-U I 22, 23

Ammo Iron12.74-3.09 X 10-12 I 13

I?idsel 3●M - 3.63X 10-12 22.

.
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Figure 4. - Variation of stress with number of cycles for failure at

room temperature. Frequenc$, 2200 cycles per minute. [Data taken

from reference 12.) \
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Figure 5. - Dependence of stress corresponding to failure in 3.3x106
cycie5 on materiai parameters at room temperature.
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from reference 14. )
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Figure 7. - Temperature dependence of stress corresponding to failure in
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Figure 9. - Fvre aluminum sample elongated at di fterent temperatures by
application of stress. Most of plastic flow occurs along slip bands.

Not etched. X15. (Taken from fig. 14 of reference 18. )
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Figure 10.
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